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In Faial Island (Azores Archipelago, North Atlantic Ocean), charcoalified and mummified wood fossils have been
reported within late Holocene (Meghalayan) pyroclastic deposits from the Caldeira Formation. Due to their re-
cent age, a detailed study conveys a snapshot into Azorean palaeophytodiversity and palaeovegetation, ca. 7–5
centuries before the arrival of Portuguese settlers to the Azores Islands. Here we provide the first detailed ana-
tomical and taxonomical study of these wood fossils. In total, 41 samples were collected from seven localities,
mainly from a ~1200 yr BP ignimbrite. Fieldwork revealed autochthonous and paraautochthonous assemblages,
with tree trunks in upright position. The anatomical study of the fossil woods resulted in the identification of
Juniperus brevifolia, Laurus azorica, Myrsine retusa, Morella faya, Picconia azorica, Prunus lusitanica subsp. azorica,
and Vaccinium cylindraceum. Two fossil assemblages are comparable to the proposed potential natural vegetation
(PNV) for the Azores. Surprisingly, P. lusitanica subsp. azoricawas the secondmost abundant fossil wood suggest-
ing that this tree was more abundant in a recent past in Faial Island and probably in the archipelago. This is cor-
roborated by historical accounts, and itsmodern scarcitywas certainly anthropically driven. IdentifyingHolocene
plant macrofossils is essential to properly reconstruct oceanic islands terrestrial palaeoecosystems, especially
where forests with high percentage of entomophilous taxa are underrepresented in palaeopalynological limnic
record. Further work is necessary to reconstruct Faial Island and Azores archipelago palaeovegetation which is
essential to provide an ecosystem base-line for restoration and management.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction between explosive or effusive volcanic events and
vegetation may provide ideal taphonomical environments for plants
to be buried and preserved as charcoals or mummifications (e.g. Fritz,
1986; Spicer, 1989; Hudspith et al., 2010; Scott, 2010; Mustoe, 2018).
Rapid burial of trunks and stems by hot volcanic materials can promote
their pyrolysis resulting in a total or partial charcoalification without
combustion (e.g. Scott, 2010). The product obtained is charcoal, a fairly
inert material relatively enriched in carbon (e.g. Scott and Jones, 1991a;
gia, Faculdade de Ciências da
6 Lisboa, Portugal.
Marques).
Scott and Jones, 1991b; Bird, 2013). From a volcanological point of view,
the degree of charcoalification and reflectance can provide insights on
the palaeotemperature of the volcanic event that buried the wood
(e.g. Scott and Jones, 1991b; Scott and Glasspool, 2005; Hudspith
et al., 2010). Mummifiedwood, i.e. almost unaltered wood with preser-
vation of the original matter (Mustoe, 2018), can be preserved within
cold phreatomagmatic deposits (e.g. Góis-Marques et al., 2019c). Fi-
nally, charcoal and mummified wood found associated with volcanic
deposits have been used worldwide to date late Quaternary volcanic
eruptions (e.g. Bryson et al., 2006).

From a palaeobotanical perspective, fossil charcoal preserves ana-
tomical characters that can allow the identification of genera or species
(e.g. Leny and Casteel, 1975; Hudspith et al., 2010; Scott, 2010; Mustoe,
2018), being direct evidence of the terrestrial palaeobiodiversity and
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palaeoecology of a given territory at a specific point in time. In the
Macaronesian archipelagos (Azores, Madeira, Canaries and Cabo
Verde), charcoalified wood fossils have been primarily used for radio-
carbon dating, being either found within limnic sediments (e.g. Rull
et al., 2017b; Castilla-Beltrán et al., 2019), within or below volcanic de-
posits (e.g. Madeira et al., 1995; Geldmacher et al., 2000; Carracedo
et al., 2007), or to infer Holocene palaeofire regimes through
microcharcoal concentration in limnic sedimentary cores (e.g. Connor
et al., 2012; Nogué et al., 2013; deNascimento et al., 2016). Taxonomical
studies of charcoal fossils in Macaronesia are almost largely absent, de-
spite their potential to informpast diversity and ecology. Recently, some
studies illustrate anatomically preserved wood (e.g. Pensa et al., 2015),
but without a taxonomic identification. In the Canaries, several wood
fossils have been reported (Schmincke, 1967; Nogales and Schmincke,
1969; García-Talavera et al., 1995; Rubiales et al., 2013), but only a fossil
charcoal was identified from the Miocene of Gran Canaria as Pinus
canariensis Sweet ex Spreng., (Anderson et al., 2009). Anthracological
studies from archaeological sites are known for Macaronesia (e.g.
Machado Yanes et al., 1997; Machado Yanes, 2007; Huebert, 2015;
Astudillo, 2018).

Since the 19th century, several naturalists and geologists (e.g.
Webster, 1821; Mouzinho de Albuquerque and Menezes, 1826;
Hartung, 1860; Fouqué, 1873), reported the presence of mummified
and charcoalified tree trunks imbedded in tephra deposits for almost
all islands of the Azores archipelago (Góis-Marques and Menezes de
Sequeira, 2015; Góis-Marques et al., 2019c). Since then, and with the
advent of 14C radiocarbon dating, charcoal and wood fossils have been
actively collected for dating volcanic events in the Azorean islands
(e.g. Shotton et al., 1968; Madeira et al., 1995; Madeira et al., 1998;
Pacheco, 2015; Conte et al., 2019). However, so far, a palaeobotanical
study to these macrofossils was never accomplished.

The Azores Islands were settled by the Portuguese in the mid-15th
century, and the earliest descriptions of the Azorean Islands (e.g.
Fernandes, 1508; Frutuoso, 1590a; Frutuoso, 1590b; Frutuoso, 1590c)
account for the presence of forests composed of laurels and conifers, in-
cluding a probable arboreal extinct ‘Malva’(Malvaceae?) in São Miguel
(Frutuoso, 1590a; Dias, 2007). It is calculated that the clearance and ex-
ploration of Azorean forests for almost 600 years by Portuguese settlers
left less than 5% of native forests (Triantis et al., 2010) although this
value does not correspond to a pristine vegetation. So far, the efforts
to define the natural vegetation of Azores Islands have been based on
historical descriptions (e.g. Dias, 2007), study of the surviving native
vegetation (e.g. Dias et al., 2005; Elias et al., 2016), and inferred from
palaeopalynological analysis of lakes and peatlands (van Leeuwen
et al., 2005; Connor et al., 2012; Rull et al., 2017a; Rull et al., 2017b).
Plant macrofossils, such as charcoal, leaves impressions or adpressions
which are buried within or below pyroclastic deposits, can provide im-
portant information on past diversity and ecology (e.g. Burnham and
Spicer, 1986; Burnham, 1994). However, the study of Azorean plant
macrofossils was seldom used in this discussion (Góis-Marques et al.,
2019a, 2019b, 2019c). Moreover, quaternary micro- and macrofossils
of plants are abundant in the Azores and Macaronesia islands, and
have already demonstrated the presence of extirpated or extinct taxa
(e.g. de Nascimento et al., 2009; Góis-Marques et al., 2019a, 2019b,
2019c).

In Faial Island, plant fossils are known since the beginning of the
20th century (Góis-Marques et al., 2019c). Previous attempts to identify
mummified and charcoalified fossil woods from the Azores and Faial
were provided by Forjaz et al. (1970). However, nomethodology or an-
atomical reasoning was given to support those identifications (Góis-
Marques et al., 2019c). Charcoalified and mummified woods found in
Faial Island have been used in radiocarbon dating (e.g. Madeira et al.,
1995; Madeira, 1998; Pacheco, 2001; Pacheco, 2015), but their system-
atic and palaeoecological value have been overlooked until now. Recent
field work in Faial Island provided promising materials, where excep-
tionally preserved fossil woods (either mummified or charcoalified
specimens) were found throughout the Island (Góis-Marques et al.,
2019c).

In this paperweprovide thefirst anatomical and taxonomical studyof
wood fossils for the Azores archipelago from charcoal samples collected
within the pyroclastic deposits of the Late Holocene (Meghalayan)
Caldeira Formation in Faial Island. Moreover, palaeophytodiversity and
palaeovegetation data are compared to the Azores Potential Natural Veg-
etation (PNV) (Elias et al., 2016), and analysed in the light of the actual
plant diversity and historical data. Finally, we discuss the implications
of the palaeobiodiversity found for the reconstruction of Faial and Azores
palaeovegetation.

2. Geological setting

TheAzores archipelago lies in the central North Atlantic Ocean at the
triple junction between theNorth American, Eurasian andNubianplates
(Fig. 1A), and is interpreted as the result of this complex tectonic setting
coupled with a hot spot (Gente et al., 2003). The archipelago is com-
posed of nine islands (western group: Corvo and Flores; central
group: Faial, Pico, S. Jorge and Graciosa; eastern group: S. Miguel, S.
Maria islands and Formigas Islets; Fig. 1B). Faial Island is 21 km long
and 14 km wide, with a surface area of 170 km2 and reaching a maxi-
mum elevation of 1043 m above sea level (a.s.l.). According to
Madeira (1998) the subaerial part of the island is composed of two cen-
tral volcanoes and two fissural volcanic zones (Fig. 1C): the Ribeirinha
shield volcano, mapped as Ribeirinha Volcanic Complex, is the oldest
edifice and spans in age from 850 to 360 ka (Feraud et al., 1980;
Hildenbrand et al., 2012); the Caldeira Volcano, a stratovolcano strad-
dling the western flank of Ribeirinha volcano is divided into a lower
unit, the Cedros Volcanic Complex (130–115 ka; Hildenbrand et al.,
2012), representing a dominantly effusive basaltic phase, and an
upper trachytic unitwhose products are included in the Caldeira Forma-
tion (b16 ka BP;Madeira et al., 1995; Pacheco, 2001). The fissural volca-
nic systems are represented by the Almoxarife Formation (b46 ka;
Hildenbrand et al., 2012) in the east and the Capelo Volcanic Complex
(~8 ka, Di Chiara et al., 2014) in the west, with the latest documented
eruption in 1957–1958 (Capelinhos eruption).

The Caldeira Formation (or the Upper Group of Cedros Volcanic
Complex sensu Pacheco, 2001) has a geological record of 12 sub-
plinian and phreatomagmatic trachyte eruptions younger than 16 ka
BP (Madeira et al., 1995; Pacheco, 2001; Pacheco, 2015),whose deposits
preserved leaf impressions/adpressions, charcoalified and mummified
wood, and palaeosols (e.g. Madeira et al., 1995; Pacheco, 2001; Góis-
Marques et al., 2019c).

One of the most expressive volcanic eruptions of the Caldeira Vol-
cano was the sub-plinian C11 event (Pacheco, 2001; Pimentel et al.,
2015), 14C dated at ca. 1200 to 1000 yr BP (Madeira et al., 1995;
Pacheco, 2015), that lead to the formation of a caldera in the summit
of Faial Island (Fig. 1C). Pimentel et al. (2015) reconstructed the C11
event through a detailed stratigraphic study of the pyroclastic deposits,
dividing it into three members, represented by distinct facies: (i) the
Brejo Member corresponding to the initial phreatomagmatic phase,
mainly composed of ash tuffs covering a palaeosol with associated fos-
siliferous layers (see Góis-Marques et al., 2019c); (ii) the InvernoMem-
ber representing the sub-Plinian phase, producing coarse pumice fall
deposits; and (iii) the Cedros Member representing the final phase,
with the collapsing of the sub-plinian eruptive column over the north
and eastern sectors of the island, forming pyroclastic density currents
(PDC) that engulfed Faial's palaeovegetation. The high temperature of
the PDC and the consequent ignimbrite deposits, produced the pyrolysis
of the buried vegetation, preserving them as charcoal (Góis-Marques
et al., 2019c). Two other sites, sampled near the Caldeira rim (no 6
and 7 in Fig. 1C), are phreatomagmatic breccias fromprevious explosive
eruptions, most probably from the C7 or C8 events (see Pacheco, 2001;
Pacheco, 2015), that containmummified tree trunks (e.g. Madeira et al.,
1995; Góis-Marques et al., 2019c).



Fig. 1.Azores archipelago and Faial Island geological setting.A, Location and tectonic setting of Azores archipelago;B, Azores archipelago bathymetry (Digital elevationmodel generated in
GeoMapapp (http://www.geomapapp.org/); Ryan et al., 2009),with the oldest known subaerial ages for each island; C, Simplified geologicalmap of Faial Island, adapted fromMadeira and
Brum da Silveira (2003), showing the sites sampled (black stars): 1. Fajã da Praia do Norte beach; 2 and 3. South of Cascalho de Cima; 4. Cancelas ash quarry; 5. Cabouco Velho; 6 and 7.
West and East Caldera rim.
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3. The vegetation of Faial Island

The word ‘Faial’ is the Portuguese name for a forest dominated by
Morella faya (Aiton) Wilbur, a botanical and vegetational toponomy
that directly reflects the vegetation encountered by the 15th century
Portuguese settlers in the island. The first written impression of Faial Is-
land vegetation was given by Frutuoso (1590b), born in Ponta Delgada
(São Miguel Island) ca. 1522, meaning that these are direct observa-
tions, by him or orally transmitted from the first settlers. He states
that half of the islandwas covered by forests and describes the presence
of endemic shrubs and trees still found today in the island (e.g.
Vaccinium cylindraceum Sm. and Laurus azorica (Seub.) Franco).

The Azores archipelago, including Faial's vegetation has been de-
scribed by several authors (Seubert and Hochstetter, 1843; Drouet,
1866; Trelease, 1897; Guppy, 1914; Tutin, 1953; Dansereau, 1970;
Rivas-Martínez et al., 2001; Rivas-Martínez et al., 2002; Dias et al.,
2005; Costa et al., 2012; Fernández-Prieto et al., 2012). Recently, Elias
et al. (2016) published a potential natural vegetation model (PNV)
where eight vegetation belts were proposed for the Azorean archipel-
ago. For Faial Island, Elias et al. (2016) propose the occurrence of five al-
titudinal vegetation belts, from sea level to mountain top: 1. Erica-
Morella coastal woodlands (between 0 and 100 m a.s.l.), dominated by
Erica azorica Hochst. and M. faya; 2. Picconia–Morella low-land forest
(between 100 and 300 m a.s.l) dominated by Picconia azorica (Tutin)
Knobl. and M. faya.; 3. Laurus submontane forest (between 300 and
600 m a.s.l.), dominated by L. azorica, with the co-occurrence of
P. azorica and M. faya on the lower part and Juniperus brevifolia (Seub.)
Antoine and Ilex perado Aiton subsp. azorica (Loes.) in the upper part;
4. Juniperus–Ilex montane forest (between 600 and 900 m a.s.l.), domi-
nated by J. brevifolia and I. perado subsp. azorica; 5. Calluna–Juniperus
altimontane scrubland, dominated by Calluna vulgaris (L.) Hull and
J. brevifolia (above 900 m a.s.l.) on mountain ridges.

Currently, the landscape in Faial is dominated by pastures, exotic
tree plantations (predominantly Cryptomeria japonica D. Don) and
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invasive species (e.g. Pittosporum undulatum Vent., Hedychium
gardnerianum Sheppard ex Ker Gawl., Hydrangea macrophylla (Thunb.)
Ser.) (e.g. Jardim et al., 2007). Faial's native vegetation is presently re-
stricted to small patches on the East slope and inside the caldera, and
coastal woodlands in the South coast of the island (Dias et al., 2007),
within Faial Nature Park.

4. Materials and methods

Plant fossils were collected from different parts of Faial island (Góis-
Marques et al., 2019c) in July of 2016. Previously known localities (e.g.
Forjaz, 1960; Forjaz et al., 1970; Madeira et al., 1995; Madeira, 1998;
Pimentel et al., 2015) were prospected for charcoalified or mummified
wood. Additionally, new localities such as road cuts with visible
charcoalified trunks were also sampled. Charcoalified wood was studied
and identified under a reflected light microscope (LM) (see Leny and
Casteel, 1975), and each sample studied in transverse surface (TS), radial
longitudinal surface (RLS) and tangential longitudinal surface (TLS) sec-
tions. These were compared to the reference collection of Macaronesian
woods at the ‘Universidad Politécnica de Madrid’ atlas and keys dealing
with Macaronesian wood anatomy (e.g. Peraza and Lopez de
Roma, 1967; Schweingruber et al., 2011; Ferreira et al., 2012;
Schweingruber et al., 2013), online databases ‘InsideWood’ (Wheeler,
2011: http://insidewood.lib.ncsu.edu/search) and ‘The Xylem Database’
(Schweingruber and Landolt, 2010: https://www.wsl.ch/dendropro/
xylemdb/). Furthermore, selected samples were split into TS, RLS and
TLS, mounted on metal stubs, gold sputter coated (to prevent sample
charging) and observed on a JEOL JSM-5200LV scanning electron micro-
scope (SEM) at the Microscopy Facility of the Faculty of Sciences of the
University of Lisbon (FCUL-MF). Wood anatomy descriptions and mea-
surements follow the International Association of Wood Anatomists
(IAWA) list of microscopic features for softwood (Baas et al., 2004) and
hardwood (Wheeler et al., 1989). Systematic taxonomy follows Menezes
de Sequeira et al. (2012). Charcoal samples are deposited in the
palaeobotanical collection of Madeira University herbarium (UMad-P).

5. Results

5.1. Field sampling

Seven localities were sampled for fossil woods, ranging in elevation
from 20 m to 977 m a.s.l. (Fig. 1C). In total, 41 samples were collected
(Table 1), 38 charcoalified wood samples related mainly to the
1200 yr BP C11 ignimbrite deposit (Madeira et al., 1995; Pimentel
et al., 2015) and three mummified wood samples from the caldera rim
related to the Caldeira Formation (b16 ka) phreatomagmatic deposits.
As numbered in Fig. 1C: 1. Fajã da Praia do Norte beach: located on
the North coast of the island at an elevation of ~22 to 30 m a.s.l., a sec-
tion of the sea cliff cut in the C11 Cedros Member ignimbrite (Fig. 2B)
supplied charcoalified trunks (Fig. 2E). The occurrence of charcoal at
that location was already mentioned by Forjaz et al. (1970); 2 and 3.
South of Cascalho de Cima: along road cuts, at elevations between 190
and 280 m a.s.l., the exposures of the C11 ignimbrite contain
charcoalified trunks (Fig. 2F); 4. Cancelas ash quarry: located in the
northeast part of the island at 365 m a.s.l.; this abandoned quarry
(Fig. 2A) exposes a palaeoforest buried by the C11 ignimbrite creating
a fossil forest with charcoalified tree trunks (Fig. 2C–D, G), some still
in upright position and preserving the bark; degassing pipes frompyrol-
ysis of thewood are common (Fig. 2C); 5. Cabouco Velho: located in the
northeast part of the island at an elevation of 510m a.s.l., this ignimbrite
outcrop also supplied charcoal samples; localities 4 and 5 were some of
the sites of sampling of charcoal for 14C dating by Madeira et al. (1995)
which yielded an average radiocarbon age of 1200 yr BP; 6 and 7. West
and East Caldeira rim: in these sites, close to the caldera rim, mummi-
fied coniferous wood, still preserving the aroma, were entombed by
phreatomagmatic explosion breccias. The east site (Fig. 3C–E) outcrop,
at an elevation of 897m a.s.l., displays 4 breccias separated by paleosols
or erosional unconformities; a wood sample from the palaeosol under-
lying the top breccia was radiocarbon dated at 1660 ± 45 yr BP (ICEN-
994), while the west site (Fig. 3A–B) corresponds to a small stream val-
ley, at an elevation of 977m, that exposes a breccia covering a palaeosol
rich in trunks, one of which was dated at 1820±45 yr BP (ICEN-972)
(see Madeira et al., 1995 for further details).
5.2. Systematic palaeobotany

The identification of anatomical features on charcoalified wood pre-
sents some challenges (Falcon-Lang et al., 2012) due to the homogeniza-
tion of cell walls and the shrinking of cellular structures due to pyrolysis
occurring at temperatures above 300–325 °C (Scott, 2010 and references
therein). Anatomical characters, easily described in extant woods by dif-
ferential wall staining or cell content (e.g. axial parenchyma), are not
easily discerned or even possible to see in charcoals. Moreover, as
pointed out by Falcon-Lang et al. (2012), the charcoalification process
leads to opacity of cellular walls, preventing the observation of several
anatomical characters. The descriptions presented here consider these
limitations and are based on LM and SEM observations.

Division: Spermatophyta Willk., 1854
Class: Pinopsida Burnett, 1835
Order: Pinales Gorozh., 1904
Family: Cupressaceae Gray, 1821
Genus: Juniperus L., 1753
Juniperus brevifolia (Seub.) Antoine, 1857
(TS: Figs. 4A–C; RLS: Figs. 4D–F; TLS: Figs. 4G–I)
Material: Fai-21; Fai-28U; Fai-02A; Fai-02B; Fai-11.
Description in IAWA code (Baas et al., 2004): 3, 40, 42, 44, 55, 58, 59,

80, 87, 93, 96, 98, 102, 107.
Description: Growth rings: softwood with distinct growth rings

boundaries, abrupt transition between earlywood and latewood
(Fig. 4A–B); Tracheids: pitting predominantly uniseriate (Fig. 4D, F), in-
tercellular spaces present but rare, latewood tracheid with thin-walls,
tracheid pits with torus extensions and notched borders (Fig. 4F);
Axial parenchyma: indistinguishable and transverse end walls not ob-
served; Ray composition and size: tracheids absent, ray parenchyma
with smooth walls (Fig. 4E); rays uniseriate up to 4 cells (Fig. 4G–I), av-
erage ray height 63.8 μm (min = 26.98 μm; max = 101.36 μm); Cross-
field pitting: usually 2, cupressoid.

Comparison and remarks: In the Azores, two native conifers are
known, the endemic J. brevifolia and native Taxus baccata L. (Menezes
de Sequeira et al., 2012). Wood anatomy of the studied charcoals are
comparable to the Macaronesian Juniperus described by de Palacios
et al. (2014). It differs from T. baccata due to the absence of helical thick-
enings in tracheid cells (e.g. Crivellaro and Schweingruber, 2013). Ac-
cording to de Palacios et al. (2014), tracheid pits with torus extensions
and notches in the outer border, differentiate J. brevifolia from other
Macaronesian Juniperus species. Under reflected LM and SEM these
characters were difficult to observe. Moreover, the warty layer and the
nodular transverse end walls of axial parenchyma cells were also not
observed, most probably due to homogenization during pyrolysis of
the cell walls (Fig. 3C). Although charcoalification prevents the identifi-
cation of anatomical key characters, this fossil wood most probably be-
longs to J. brevifolia. As a note, this tree occurs in the Azores from 0 to
1500 m a.s.l. (Elias and Dias, 2014). This ecological amplitude led to
the recognition of infraspecific taxa by Elias and Dias (2014). The iden-
tification of Azorean infraspecific taxa thorough wood anatomy seems
improbable as the recognition of specific taxa is already challenging
(de Palacios et al., 2014 and references therein).

Class: Magnoliopsida Brongn., 1843
Order: Laurales Juss. ex Bercht. & J. Presl, 1820
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Table 1
List of sampled specimens in Faial island presented in this study with respective information on location, age and identification.

Field
number

Preservation Collection Locality Coordinates
(WGS84)

Altitude error Age (14C) Volcanostratigraphy Identification Plate

Fai-02A Mummified UMad-P East rim of the caldera 38°34′54”N;
28° 42′
05”W

897 m 10 m 1820 ± 45 yr BP c7(?) or c8 (?) cf. Juniperus brevifolia
(Seub.) Antoine

\\

Fai-02B Mummified UMad-P East rim of the caldera 38°34′54”N;
28° 42′
05”W

897 m 10 m 1820 ± 45 yr BP c7(?) or c8 (?) cf. Juniperus brevifolia
(Seub.) Antoine

\\

Fai-09 Mummified? UMad-P Fajã da Praia do Norte beach 38°36′35”N;
28°45′24”W

22 m 7 m ~1200 yr BP c11 Not studied \\

Fai-10A Charcoal UMad-P Fajã da Praia do Norte beach 38°36′36”N;
28°45′18”W

30 m 17 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-10B Charcoal UMad-P Fajã da Praia do Norte beach 38°36′36”N;
28°45′18”W

30 m 17 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-10C Charcoal UMad-P Fajã da Praia do Norte beach 38°36′36”N;
28°45′18”W

30 m 17 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-10D Charcoal UMad-P Fajã da Praia do Norte beach 38°36′36”N;
28°45′18”W

30 m 17 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-11 Mummified UMad-P West rim of the caldera 38°35′06”N;
28°43′38”
W

977 m 5 m 1660 ± 45 yr BP c9 cf. Juniperus brevifolia
(Seub.) Antoine

\\

Fai-21 Charcoal UMad-P Cabouco Velho 38°35′47”N;
28°40′54”W

511 m 15 m ~1200 yr BP c11 Juniperus brevifolia
(Seub.) Antoine

\\

Fai-28U Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Juniperus brevifolia
(Seub.) Antoine

Fig. 4

Fai-28A Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28C Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28D Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

Fig. 5

Fai-28E Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28F Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28T Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28W Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28AA Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-28M Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Morella faya (Aiton)
Wilbur

Fig. 6

Fai-28J Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Myrsine retusa Aiton Fig. 8

Fai-28B Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28H Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28I Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28K Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28L Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28R Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

\\

Fai-28S Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Picconia azorica (Tutin)
Knobl.

Fig. 10

Fai-28G Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
Subsp. azorica (Mouill.)
Franco

Fig. 9

Fai-28O Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28P Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28Q Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28V Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28X Charcoal UMad-P Cancelas ash quarry 38°35′12”N; 365 m 7 m ~1200 yr BP c11 Prunus lusitanica L. \\

(continued on next page)
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Table 1 (continued)

Field
number

Preservation Collection Locality Coordinates
(WGS84)

Altitude error Age (14C) Volcanostratigraphy Identification Plate

28°38′53”W subsp. azorica (Mouill.)
Franco

Fai-28Y Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28Z Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-28N Charcoal UMad-P Cancelas ash quarry 38°35′12”N;
28°38′53”W

365 m 7 m ~1200 yr BP c11 Vaccinium cylindraceum
Sm.

Fig. 7

Fai-29A Charcoal UMad-P South of Cascalho de Cima 38°37′57”N;
28°42′54”W

191 m 5 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-29B Charcoal UMad-P South of Cascalho de Cima 38°37′57”N;
28°42′54”W

191 m 5 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-29C Charcoal UMad-P South of Cascalho de Cima 38°37′57”N;
28°42′54”W

191 m 5 m ~1200 yr BP c11 Prunus lusitanica L.
subsp. azorica (Mouill.)
Franco

\\

Fai-30A Charcoal UMad-P South of Cascalho de Cima 38°37′32”N;
28°42′49”W

280 m 27 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

\\

Fai-30B Charcoal UMad-P South of Cascalho de Cima 38°37′32”N;
28°42′49”W

280 m 27 m ~1200 yr BP c11 Laurus azorica (Seub.)
Franco

Fig. 5
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Family: Lauraceae Juss., 1789
Genus: Laurus L., 1753
Laurus azorica (Seub.) Franco, 1960
(TS: Figs. 5A–B; RLS: Figs. 5C–D; TLS: Figs. 5E–G)
Material: Fai-10A, Fai-10B, Fai-10C, Fai-10D, Fai-28A, Fai-28C, Fai-

28D, Fai-28E, Fai-28F, Fai-28T, Fai-28W, Fai-28AA, Fai-30A, Fai-30B.
IAWA code (Wheeler et al., 1989): 1, 4, 9, 10, 13, 22, 25, 31, 41, 49, 53,

61, 65, 69, 98, 106, 112, 115.
Description: Growth rings: hardwood with distinct growth rings

boundaries (Fig. 5A); Vessels: wood semi-ring-porous, vessel grouping
solitary or 2–4 vessels, outline vessel round to angular (Fig. 5A–B),
mean tangential diameter of vessel lumina between 50 and 100 μm (X̅
= 100.5 μm; n = 30), 40–100 vessels per mm2 (X̅ = 41.3 vessels per
mm2); vessel element length mean ≤ 350 μm (X̅ = 234 μm; n = 35);
vessels with simple perforation plates (Fig. 5F–G), intervessel pits alter-
nate and small (4–7 μm) (Fig. 5G); Vessel–ray pits rounded to irregular;
Fibres: fibres simple and septate, ranging from thin (in early wood) to
thick-walled in latewood (e.g. Fig. 5D, F); Rays: ray width 4 cells,
height b 500 μm (Fig. 5C–D), rays parenchyma cells with small pits
(Fig. 5E), procumbent with square marginal cells (Fig. 5H–I).

Comparison and remarks: the only known native Lauraceae in the
Azores is the endemic L. azorica (Menezes de Sequeira et al., 2012), al-
though other Macaronesian and European Lauraceae were introduced
in several Azorean islands (e.g. Ocotea foetens (Aiton) Baill., Laurus
nobilis L.; see Silva et al., 2005). Macaronesian Lauraceaewood anatomy
is very similar (except for Apollonias barbujana (Cav.) Bornm.; see
Loutfy, 2009). The studied samples are comparable to L. azorica wood
anatomy (e.g. Peraza and Lopez de Roma, 1967; Loutfy, 2009;
Schweingruber and Landolt, 2010; Schweingruber et al., 2011;
Wheeler, 2011; Matos et al., 2019), particularly the vessel tangential lu-
mina length and distribution and grouping, the mean vessel length, the
presence of simple perforation plates, and septate fibres. In some spec-
imens, latewood fibre walls are thick, without visible lumina or septa
and totally vitrified (e.g. Fig. 5D). Loutfy (2009) states the presence of
scalariform perforations in L. azorica, however we did not observe this
character in our samples. The presence of extinct or extirpated
Lauraceae in the Azores, although improbable, as the first historical de-
scriptions only mention the presence of L. azorica (Frutuoso, 1590b;
Frutuoso, 1590a; Frutuoso, 1590c), is not impossible. Leaf fossils pre-
sumably belonging to Ocotea foetens (Aiton) Baill. have been described
for São Miguel (Diniz, 1962), although their taxonomical affinities still
need to be revised (see Góis-Marques et al., 2019c). Today, L. azorica oc-
curs in all Azorean islands (Silva et al., 2010), being an important tree in
the extant Azorean natural forests (e.g. Jardim et al., 2007; Elias et al.,
2016).

Order: Myricales Rich., 1835
Family: Myricaceae Rich. ex Kunth, 1817
Genus: Morella Lour., 1790
Morella faya (Aiton) Wilbur, 1994
(TS: Figs. 6A–C; TLS: Figs. 6D–H; RLS: Figs. 6I–K)
Material: Fai-28M.
IAWA code (Wheeler et al., 1989): 1, 5, 7, 10, 11, 12, 14, 15, 20, 21, 24,

25, 31, 41, 49, 53?, 57, 63, 65, 69, 97, 106, 112.
Wood description: Growth rings: hardwood with distinct growth

rings boundaries (Fig. 6A); Vessels:wood diffuse-porous (Fig. 6A), radial
pattern,with clusters common (Fig. 6A); outline angular (Fig. A–C), per-
foration plates simple and scalariform with ≤10 bars (Fig. 6B–C),
intervessel pits scalariform and alternate (Fig. 6G–H), alternate pits
minute to small; vessel–ray pits apparently simple and rounded;
mean tangential diameter of vessel lumina between 50 and 100 μm (X̅
= 57 μm; n = 32), ranging from 38.08 to 70.72 μm, 40–100 vessels
per square millimetre (X̅ = 47 vessels/mm2; n = 141); vessel element
up to 340 μm (maximum height measured); sclerotic tyloses present
(Fig. 6A); Fibres: fibres pits common in both radial but rarer in tangen-
tial walls, septate, thin- to thick-walled (Fig. 6E); Rays: rays width 1–3
cells, heterocellular (Fig. 6D–E), height b 1 mm, ray cells pitted
(Fig. 6B, F and J), body ray cells procumbent with 1–3 square marginal
cells (Fig. 6I–J), perforated ray cells rare, presenting scalariform perfora-
tions (Fig. 6K); Rays per mm: 4–12/mm.

Comparison and remarks: The wood anatomy ofM. faya was studied
and illustrated by various authors (e.g. Carlquist, 2002; Schweingruber
and Landolt, 2010; Schweingruber et al., 2011; Wheeler, 2011). Sample
Fai-28M best fits within the wood anatomy of M. faya, especially to the
presence of vessels with scalariform perforations with b10 bars.
Carlquist (2002) published a detailed study on Myricaceae wood anat-
omy. Morella faya is comparable to our sample, showing similar mean
tangential diameter of vessel lumina (54 μm), comparable vessels per
square millimetre, although lower (34 vessels/mm2), number of bars
on vessel perforations similar (9 bars), and similar ray anatomy and



Fig. 2. Selected outcrops and associated charcoals from Faial Island. A, Cancelas ash quarry outcrop; B, Fajã da Praia do Norte beach outcrop; C, charcoal (star) from Cancelas ash quarry
associated with degassing pipes (arrow; pocketknife ~20 cm); D, charcoal from Cancelas ash quarry showing the bark attached (coin diameter: 1,6 cm); E, charcoalified stem found in
Fajã da Praia do Norte beach; F, Charcoalified trunk found in Cascalho de Cima locality; G, trunks from Cancelas ash quarry (scale bar in cm).

7C.A. Góis-Marques et al. / Review of Palaeobotany and Palynology 273 (2020) 104116
size. Growth rings boundaries are visible in our sample, but Carlquist
(2002) did not observe them in M. faya from Hawaii. However,
Schweingruber et al. (2011) and Pupo-Correia (2005) illustrate speci-
mens from Madeira Island with clear growth rings. M. faya is present
in all Azorean islands (Silva et al., 2010).

Order: Ericales Bercht. & J. Presl, 1820
Family: Ericaceae Juss., 1789
Genus: Vaccinium L., 1753
Vaccinium cylindraceum Sm., 1819
(TS: Figs. 7A–C; TLS: Figs. 7D–H; RLS: Figs. 7I–K)
Material: Fai-28N.
IAWA code (Wheeler et al., 1989): 1, 4, 6, 7, 11, 12, 14, 17, 20, 21, 26,

30, 36, 37, 40, 50, 53, 63, 65, 69, 98, 102, 103, 106, 107, 112.
Wood description: Growth rings: hardwood, distinct growth rings

boundaries; Vessels:wood diffuse-porous (Fig. 7A–B), vessels in tangen-
tial, diagonal and radial pattern and clusters common (Fig. 7A); vessels
outline angular (Fig. 7B), perforation plates scalariform with 20–40
bars (Fig. 7G–H, 7K), intervessel pits scalariform to opposite and small
(7–10 μm) (Fig. 7G); vessel–ray pits with distinct borders similar to
intervessel pits in size and shape throughout the ray cell (Fig. 7C); vessel
elements with helical thickenings through the body (Fig. 7E, G–H),
mean tangential diameter of vessel lumina ≤50 μm (X̅ = 26.31 μm; n
= 30), ranging from 18.36 to 38.42 μm, ≥100 vessels per square
millimetre (X ̅ = 254 vessels/mm2; n = 762); mean vessel element
length ranging 350–800 μm (X ̅ = 573.7 μm; n = 11); fibres: fibres
pits common in both radial and tangential walls, septate, thin- to
thick-walled; Rays: rays larger than 4–10 seriate, height N 1 mm al-
though smaller rays occur (Fig. 7D, F); ray cells with perforated plates
(Fig. 7F), body ray cells procumbent with one to 2–4 rows of upright
marginal cells (Fig. 7I-K).

Comparison and remarks: Fai-28N is the only sample that presents
vessels with N20 scalariform perforations. Due to similar anatomical
characters, vessel tangential lumina size and similar (although lower)
vessels/mm2, this specimen seems to correspond to Vaccinium L. The
Azorean endemicV. cylindraceum still lacks a formal anatomical descrip-
tion. However, the sample studied best fits the Madeiran V. padifolium
(=‘V. maderense’) in the “Xylem Data Base” (Schweingruber and



Fig. 3. Selected outcrops and associated mummified wood from Faial Island. A, Mummified woods cf. Juniperus brevifolia (arrows) found in the west part of Caldera rim, ca. early 1990
(Photo by José Madeira); B, same outcrop in 2016 still with mummified wood; C, phreatomagmatic deposits in the East part of the Caldera rim, with four phreatomagmatic breccias
and associated mummified wood (photo by José Madeira ca. early 1990); D, same outcrop in 2016; E, example of mummified woods found below breccia no 4 dated at 1820 ± 45 yr BP.
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Landolt, 2010). Phylogenetically, these species are sister taxa, clustering
together within the Vaccinium Andean clade (see Kron et al., 2002), and
most probably sharing identical wood anatomy. The vessels pattern in
TS, lumina tangential vessel size and vessels/mm2 approximate more
to V. padifolium, vessels with helical thickenings through the body and
simple pits through the ray cell walls. It differs in the number of bars
in the scalariform perforation, having a higher number of bars (N20)
than proposed for V. padifolium (X̅ = 3 bars, ranging from 1 to 6; Lens
et al., 2004). However, V. padifolium illustrated by Schweingruber and
Landolt (2010) shows scalariform perforation up to 15 bars (Lens
et al., 2004), and similar to the ones found in Fai-28N. Another similar
wood is Ilex perado Aiton subsp. azorica (Loes.) Tutin, although the tan-
gential vessel length is higher (50–100 μm) and vessel/mm2 is lower
(40–100 vessel/mm2) (Baas, 1973). Nowadays the endemic
V. cylindraceum occurs in all Azorean islands including inGraciosa Island
where it was introduced (Silva et al., 2010).

Order: Primulales Lindl., 1833
Family: Myrsinaceae R.Br., 1810
Genus: Myrsine L. 1753
Myrsine retusa Aiton, 1789
(TS: Figs. 8A–C; RLS: Figs. 8D–G; TLS: Figs. 8H–J)
Specimen: Fai-28J.
IAWA code (Wheeler et al., 1989): 2, 5, 7, 9, 12, 13, 20, 22, 24, 31, 40,
48, 62, 63, 65, 69, 98, 102, 105, 110, 114.

Wood description: Growth rings: hardwood with boundaries vague,
presenting tangential and radial traumatic canal splits (Fig. 8A–B, D–
E); Vessels: wood diffuse-porous, rarely mainly solitary or rarely in ra-
dial multiples of 2–4 (Fig. 8A–B), outline angular (Fig. 8C), perforation
plates simple, intervessel pits minute (≤4 μm), scalariform or alternate
(Fig. 8F), vessel-ray pits similar to intervessel pits in size and shape
throughout the ray cell, mean tangential diameter of vessel lumina
≤50 μm (X̅ = 29.4 μm; n = 31); 20–40 vessels per square millimetre
(X ̅=29.67 vessels/mm2; n = 228); vessel element length not mea-
sured; fibres: fibres with distinctly bordered pits in both radial and tan-
gential walls, septate, thin- to thick walled (Fig. 8F), fibre length not
measured; Rays: 4–10 seriate (Fig. 8G), height N 1 mm (Fig. 8D–E) ray
cells upright and square, sheath cells present (Fig. 8H–J), ≤4 rays/mm.

Comparison and remarks: the wood anatomy of this single specimen
clearly fits Myrsine L., and most probably represents the endemic azor-
ean M. retusa (Menezes de Sequeira et al., 2012). Detailed wood anat-
omy of M. retusa was never investigated, but close taxa were analysed
and illustrated in detail (e.g. Lens et al., 2005; Schweingruber et al.,
2013; de Luna et al., 2018), and showing a comparable wood anatomy.
Shared characteristics with Myrsine spp. wood are the presence of
multiseriate ray cells and upright cells, vessels mostly solitary, angular



Fig. 4. Juniperus brevifolia (Seub.) Antoine anatomy (Fai-28U) SEM photographs in TS, TLS and RLS. A, General TS view showing the growth ring boundaries (arrows); B, TS, detail of early
wood to late wood transition, C, TS, detail showing the homogenization of the cell walls caused by charcoalification above N300 °C; D, RLS general view; E, RLS, cross-field pits apparently
cupressoid, with two per crossfield, F, RLS, detail of tracheids showing uniseriate bordered pits G, general TLS view; H, TLS, showing uniseriate 1–4 ray vessels, I, TLS, detail showing a
uniseriate 3 ray vessel.
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(although de Luna et al., 2018, describes species ranging from circular to
oval) andwith a small tangential diameter (b50 μm), vessels with alter-
nate pits and simple perforations, fibres septate and with simple pits
(e.g. Lens et al., 2005). Radial traumatic splits, viewed in TS and TLS
(Fig. 8B, D) occur throughout the sample, most probably traumatic gas
pipes formed by the instant and intense heat from the engulfing PDC.
Myrsine wood shows characteristics similar to paedomorphic wood
(e.g. Carlquist, 1962; Carlquist, 1974; Carlquist, 2001), which is closely
associated with plants with insular woodiness (e.g. Carlquist, 1974;
Dulin and Kirchoff, 2010). Remarkably, the sample Fai-28J resembles
in TS and TLS thewood anatomy described for some lobelioid Hawaiian
woody Campanulaceae (see Carlquist, 1969).

Order: Rosales Bercht. & J.Presl, 1820
Family: Rosaceae Juss. 1789
Genus: Picconia A.DC., 1844
Prunus lusitanica L. subsp. azorica (Mouill.) Franco, 1964
(=Prunus azorica (Mouill.) Rivas Mart. & Lousã & Fern.Prieto & E.
Días & J.C.Costa & C.Aguiar)

(TS: Figs. 9A–C; RLS: Figs. 9D–F; TLS: Figs. 9G–I)
Material: Fai-28G, Fai-28O, Fai-28P, Fai-28Q, Fai-28V, Fai-28X, Fai-

28Y, Fai-28Z, Fai-29A, Fai-29B, Fai-29C.
IAWA code (Wheeler et al., 1989): 1, 4, 6, 7, 10, 11, 12, 13, 22, 24, 30,

36, 37, 40, 50, 52, 62, 66, 68, 98, 107, 115.
Wood description: Growth rings: hardwood, distinct growth rings

boundaries (Fig. 9A–B); Vessels: semi-ring-porous, vessels in tangential,
diagonal and radial pattern, vessels inmultiples of 4 or in clusters, vessel
outline oval to angular (Fig. 9A–C), perforation plates simple (Fig. 9G);
intervessel pits alternate and minute (≤4 μm); Vessel–ray pits similar
to intervessel pits in size and shape throughout the ray cell; helical
thickenings throughout body of vessel element (Fig. 9E, F, H);mean tan-
gential diameter of vessel lumina ≤50 μm (X̅= 47.4 μm; n= 30); ≥100
vessels per mm2 (X̅ = 147.8 vessels per mm2); mean vessel element
length (X = 288.9 μm; n = 20); Fibres: Fibres with distinctly bordered



Fig. 5. Laurus azorica (Seub.) Franco (Fai-28D and Fai-30B) SEMphotographs in TS, TLS and RLS. A, Fai-28D, general TS showing diffuse-porous and growth ringboundaries (arrows); B, Fai-
28D, detail of TS depicting solitary or 2 vessels grouping; C, Fai-30B general view of TLS; D, Fai-28D, TLS section on latewood showing homogenized fibres; E, Fai-30B detail of the
heterocellular ray cells; F, Fai-30B, detail in TLS of the vessels, showing simple perforation plates; G, Fai 28B, TLS, detail of the vessel alternate pitting; H, Fai-28D, RLS general view; I,
Fai-28D, RLS, ray cells procumbent with square marginal cells (arrow).
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pits; nonseptate fibres present; fibres thin walled; Rays: rays uniseriate
or 4–10 seriate, ray height of large rays b1mm(X=689.3 μm; n=13);
rays per linear mm: 4.

Comparison and remarks: in Macaronesia two native Prunus
lusitanica subspecies are known, P. lusitanica subsp. hixa (Willd.) Franco
in Madeira and Canary Islands, and P. lusitanica subsp. azorica (Mouill.)
Franco (Acebes Ginovés et al., 2010; Menezes de Sequeira et al., 2012).
We compared our samples to the continental subsp. P. lusitanica
subsp. lusitanica and to P. lusitanica subsp. hixa (Peraza and Lopez de
Roma, 1967; Zhang, 1992; Schweingruber and Landolt, 2010;
Wheeler, 2011). To date a detailed wood anatomy of the Azorean sub-
species is lacking. Comparison of the fossil samples to extant woods of
P. lusitanica shows a perfect match of wood anatomy. TS shows the
same vessel size and organization; TLS vessels share identical helical
thickenings and simple perforation plates and RLS and TLS shows the
same ray characteristics with P. lusitanica. Today, P. lusitanica subsp.
azorica is a very rare tree that occurs in Flores, Faial, Pico, S. Jorge, Ter-
ceira and S. Miguel (Silva et al., 2010).

Order: Gentianales Juss. ex Bercht. & J.Presl, 1820
Family: Oleaceae Hoffmanns. & Link, 1809
Genus: Picconia A.DC., 1844
Picconia azorica (Tutin) Knobl., 1934
(TS: Figs. 10A–C; RLS: Figs. 10D–F; TLS: Figs. 10G–I)
Specimens: Fai-28B, Fai-28H, Fai-28I, Fai-28L, Fai-28R, Fai-28S.
IAWA code (Wheeler et al., 1989): 1, 5, 8, 11, 12, 13, 22, 24, 30, 36, 37,

40, 66, 69, 97, 106, 165, 189.
Wood description: Growth rings: hardwood with distinct growth

rings boundaries (Fig. 10A–B); Vessels: diffuse-porous, vessels
displaying dendritic pattern and clustered (Fig. 10A–C); vessel outline
rounded, less frequently angular (Fig. 10B–C), perforation plates simple,
intervessel pits alternate and small (Fig. 10F, I), pitswithmembrane and



Fig. 6. Morella faya (Aiton) Wilbur SEM photographs in TS, TLS and RLS. A, general TS view showing the wood diffuse-porous and growth ring boundaries (arrows); B, detail of the TS
showing a vessel with a broken scalariform perforation with one bar (arrow), fibres and ray cells; C, detail of Fig. A, where scalariform perforations are visible in the interior of vessels
(arrows); D, general view of TLS; E, detail of the rays and fibres; F, detail of the heterocellular ray cells; G–F, intervessel pitting ranging from scalariform to alternate; I, general view of
RLS; J, detail of the procumbent cells; K, detail of a perforated ray cells, with scalariform perforations.
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torus cavity (Fig. 10I), helical thickenings throughout body of vessel el-
ement, mean tangential diameter of vessel lumina ≤50 μm (X̅ = 48.03
μm; n = 31); Ground tissue fibers: Fibers thin to thick-walled and non-
septate; Rays: ray width 1–3 cells (Fig. 10D–E), and height up to 10
cells, with less than 1 mm (X ̅ = 168.6 μm; n = 30) (Fig. 10D, G–H),
heterocellular and with intercellular spaces (Fig. 10E), body ray cells
procumbent with one row of square marginal cells (Fig. 10G–H).

Comparison and remarks: Macaronesian native and endemic
Oleaceae are represented by taxa included in the genera Olea L.,
Jasminum L., Phillyrea L., and Picconia DC. (Acebes Ginovés et al., 2010;
Menezes de Sequeira et al., 2012), all sharing similar wood anatomy
(e.g. Baas et al., 1988; Schweingruber et al., 2013). Among these genera,
Olea, Phillyrea and Picconia are proposed to be part of an artificial group
(Group V in Baas et al., 1988), based on similar wood anatomy. Picconia
wood is differentiated from other Macaronesian Oleaceae by the occur-
rence of inter-vessel and inter-tracheary pitswith tori (Dute et al., 2008;
Ferreira et al., 2012),which also occur in the studied charcoal specimens
(see Fig. 6F). The studied charcoal specimens have a wood anatomy
identical to Picconia, especially in TS the vessels forming a dendritic pat-
tern, and having a similar tangential diameter, and in TLS showing heli-
cal thickenings, associated with perforation plates, ray cells with less
than 1 mm, and the inter-vessel and inter-tracheary pits with tori. In
Macaronesia, two Picconia spp. are recognized, P. azorica in the Azores
archipelago and P. excelsa in Madeira and Canaries archipelagos
(Acebes Ginovés et al., 2010; Menezes de Sequeira et al., 2012).
Ferreira et al. (2012), described in detail the wood anatomy of
P. azorica, and comparing it to P. excelsa, and a separation between the
two species based on wood anatomy is subtle, but due to the remark-
ablewood anatomy similarity, age and location these remains can be at-
tributed to P. azorica. As a final note, although charcoalified, the trunks
were the hardest of the charcoals to hand split into sections. This attests
the hardness of P. azorica that was valued for construction and wood-
working since the colonization of Macaronesian Portuguese archipela-
gos (Ferreira et al., 2012).



Fig. 7. Vaccinium cylindraceum Sm. (Fai-28N) SEM photographs in TS, TLS and RLS. A, TS general view showing vessels diffuse-porous and distinct growth rings (arrows); B, Detail of TS,
with two growth rings (arrow) and vessels in tangential, diagonal and radial pattern; C, TS, detail of the simple pitted ray cells;D, TLS general view; E, TLS, vessels with helical thickenings,
F, TLS of a raywith simple pits;G and F, vesselswith scalariform perforation plates; I, RLS general view of ray cells; J, detail of procumbent andmarginal upright ray cells;K, detail showing
scalariform perforations associated with procumbent and marginal upright ray cells.
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6. Discussion

6.1. Taphonomy and fossil-diagenesis

All specimens found within the 1200 yr BP ignimbrite were totally
charcoalified (except Fai-09), implying that the PDC and the deposited
ignimbrite remained at high temperatures (N250 °C; Scott, 2010) for
enough time to allow total pyrolysis of the buried trees. This is corrobo-
rated by degassing pipes coming from the buried trunks (Fig. 2C); this is
in contrast to descriptions of historical explosive eruptions in North
America, South America and in the British West Indies and their effects
on vegetation (e.g. Spicer, 1989; Scott, 2010;Major et al., 2013). Second,
several of the studied charcoalified trunks were found in the horizontal
or sub-horizontal position (e.g. Fig. 2E, F), probably snapped and
transported by the PDC. However, some of the trees could have been
thrown down by the PDC and buried without further transport (e.g.
Scott, 2010). A minimal transport is supported by the presence of bark
still attached to the charcoalified specimens (e.g. Fig. 2D). Reports on
the effects of PDC (either cold or burning PDC) on trees is usually the
bark strip on the vent-side, although this could be dependent on the
taxon, PDC magnitude and temperature (see Major et al., 2013). Other
charcoalified trunks entombed in the ignimbrite had no bark, most
probably due to abrasion and destruction during transport. The total
or partial lack of bark is also seen in the mummified wood (Fig. 1A, B
and E) collected in the phreatomagmatic deposits, most probably
stripped by similar processes. Moreover, in Cancelas quarry (site 4;
Fig. 1C; 2A), charcoalified trunks were found in the upright position
(see Pimentel et al., 2015, fig. 11a), with bark still attached around the
stem (Fig. 2D). This reveals that tree trunks were buried and charred
in situ by the burning ignimbrite, preserving a T0 assemblage sensu
DiMichele and Falcon-Lang (2011). T0 assemblages associated with ex-
plosive volcanism reported in the literature are geologically much older
and related to ash-fall deposits (e.g. Rößler et al., 2012; Wang et al.,
2012). However, comparable situations are described associated with



Fig. 8.Myrsine retusaAiton (Fai-28 J) SEMphotographs inTS, TLS andRLS.A, TS general view showing the large rays, small vessels and traumatic rips along thewood;B, TS detail, showing a
tangential traumatic rip (arrow); C, TS detail showing a vessel (V) with angular outline and homogenized cell walls; D, general view of a TLS, showing the multiseriate rays N 1 mm; E,
Detail of D, displaying large ray cells, contrasting with the small size of fibers and vessels and a traumatic rip (arrow); F, TLS detail of the fibers, with simple pits and septate (arrow),
and vessels with scalariform or alternate pitting; G, TLS detail of a heterocellular ray, showing intercellular spaces and simple pitting; H, RLS general view of a ray; I, RLS, detail of the
same ray showing upright and square cells; J, detail of upright (sheath cells) and square cells.
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ignimbrites in historical PDC, were rotted boles are in situ after the pas-
sage of the PDC and subsequent burial (e.g. Fritz, 1986; Scott and
Glasspool, 2005; Major et al., 2013). Third, information about the tem-
perature of the PDC that charred the woods can be retrieved from
SEM. All charcoals present homogenization of the cell walls. This indi-
cates that the PDC and the ignimbrite were at temperatures N235 °C
(Scott, 2010). For Faial, the use of charcoal reflectance values and cell
walls homogenization as a proxy to infer PDC and ignimbrites
paleotemperatures, are inexistent. However, in São Miguel, charcoal re-
covered from ignimbrites gave reflectance values indicating tempera-
tures up to 460 °C (Pensa et al., 2015). Finally, Faial charcoals showed
an exceptional anatomical preservation under SEM (Figs. 4–9), as al-
ready previewed in LM (Góis-Marques et al., 2019c). The catastrophic
event of a PDC allowed the rapid burial and charring of the wood, and
simultaneously, prevented further decomposition and erosion, as char-
coal is relatively inert (e.g. Scott and Jones, 1991b). Such an event



Fig. 9. Prunus lusitanica L. subsp. azorica (Mouill.) Franco (Fai-28G) SEM photographs in TS, TLS and RLS. A, TS general view with ring boundaries distinct (arrows); B, TS detail showing
vessels in tangential, diagonal and radial pattern, and two ring boundaries (arrows); C, detail of B, showing the vessel clusters and the homogenization of the cellwalls.D, TLS general view;
E, detail of the vessels and the helical thickenings throughout the body of vessel element; F, intervessel pits alternate andminute and fibers septate and simple pits (arrow); G, RLS, vessel
simple perforation plate;H, TLS detail of the uniseriate (arrow) and multiseriate rays; I, RLS general view; J, RLS showing procumbent and upright marginal cells; K, detail of the upright
marginal cells.
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allowed the preservation of the anatomy in exquisite detail allowing the
study and identification of plant taxa.
6.2. Identifications and palaeophytodiversity

Our identification approach was to compare the fossil woods with
Azorean taxa and to the most similar Macaronesian or continental
taxa. The Azores flora is composed of a reduced number of trees and
shrubs when compared to other Macaronesian archipelagos, many
being endemic (Menezes de Sequeira et al., 2012). However, it is impor-
tant to emphasize that someof these taxa still lack a formal (or detailed)
wood description (e.g. M. retusa, V. cylindraceum, P. lusitanica subsp.
azorica). Endemicity is probably reflected into the wood anatomy, and
fundamental knowledge of this is important to distinguish taxa in the
fossil record.
Since the early 19th century, fossil woods, either charcoalified or
mummified, are described in botanical and geological Azorean literature
however the identifications are given without a scientific approach
(Góis-Marques et al., 2019c and references therein). The collection of
41 specimens allowed identification of seven species based on wood
anatomy (Table 1). All identified species correspond to endemic phan-
erophytes presently growing in Faial and other Azorean Islands (e.g.
Silva et al., 2010; Menezes de Sequeira et al., 2012). Within Faial Island,
it is the first time that M. retusa, M. faya, and P. lusitanica subsp. azorica
have been recorded (Góis-Marques et al., 2019c).When comparedwith
the Azorean macrofossil record (see Góis-Marques et al., 2019c),
P. lusitanica subsp. azorica andM. retusa are new records.Moreover, pol-
len fossils from all taxa identified in this paper were also found in the
Azorean limnic palaeoecological record (see Connor et al., 2012).

Globally, the most abundant taxon was Laurus azorica (n = 14),
followed by Prunus lusitanica subsp. azorica (n = 11), Picconia azorica



Fig. 10. Picconia azorica (Tutin) Knobl. (Fai-28S) SEM photographs in TS, TLS and RLS. A, TS general view showing vessels in dendritic pattern and ring boundaries distinct (arrows); B, TS
detail of the ring (arrow) and thedendritic pattern;C, TS detail showing the vessel clusters and the homogenization of the cellwalls;D, TLS general view;E, TLS detail of the rays and simple
fibers; F, TLS detail of the vesselswith helical thickenings and alternate small pits;G, RLS general view;H, RLS, detail of the ray procumbent andmarginal cells (arrow); I, RLS, detail of the
areolate pits (arrows).
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(n = 7), Juniperus brevifolia (n = 5), while Myrsine retusa, Vaccinium
cylindraceum and Morella faya account for the remaining (n = 3). The
best exposed and sampled site was Cancelas quarry (Fig. 1C, site 4; n
= 27 specimens), where the species Laurus azorica (n = 8), Prunus
lusitanica subsp. azorica (n = 8) and Picconia azorica (n = 7), Morella
faya, Myrsine retusa, Vaccinium cylindraceum and Juniperus brevifolia (n
= 3) were recovered. In Cascalho de Cima sites (Fig. 1C, sites 2 and 3;
n = 5), only Prunus lusitanica subsp. azorica (n = 3) and Laurus azorica
(n= 2) were identified. Around the Caldera area and in Cabouco Velho
(Fig. 1C, sites 6,7 and 5), Juniperus brevifolia or cf. Juniperus brevifolia
were the only species found (n = 4). In Fajã da Praia do Norte beach,
only L. azoricawas found (Fig. 1C, site 1; n=4; one sample not studied).

6.3. Palaeovegetation, PNV and current vegetation

The identified wood fossils suggests a fully forested island preceding
thevolcanic eruptionswhich eventually entombed them. Comparatively,
today all sampled sites are highly anthropically modified landscapes,
being transformed into pastures, Cryptomeria japonica plantations or
areas invaded by several exotic plants (e.g. Pittosporum undulatum,
Hedychium gardnerianum). Our data points to the presence of two main
types of vegetation correlated with altitude, and comparable to the
PNV proposed by Elias et al. (2016) (Fig. 11A). However, our results sug-
gest some differences: In altitudes higher than 897 m a.s.l. only
J. brevifolia or cf. J. brevifolia trunks were found (see Table 1). Although
buried in slightly older deposits (1660 ± 45 yr BP 1820 ± 45 yr BP;
see Madeira et al., 1995), these fossils attest the presence of a vegetation
dominated by J. brevifolia in the higher reaches of Faial Island. The altitu-
dinal occurrence of a juniper belt for the Azores islands have been
discussed by several authors (Elias et al., 2016 and references therein).
For Faial Island the presence of a Juniperus–Ilex montane forests associ-
atedwith the Upper thermotemperate–Hyperhumid zonewas proposed
by Elias et al. (2016) (Fig. 11A). The second type of vegetation recognised
is a laurel forest, found in Cancelas quarry (Fig. 1C, site 4; Fig. 11A–B), in



Fig. 11. The potential natural communities for Faial Island and the Cancelas ash quarry
paleophytodiversity. A, Potential natural vegetation map for Faial Island based on Elias
et al., 2016; B, paleophytodiversity and paleoecological interpretation of the Cancelas
ash quarry charcoal assemblage.
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Cascalho de Cima (Fig. 1C, site 2 and 3) and Fajã da Praia do Norte beach
(Fig. 1C, site 1). For all these localities a Laurus submontane forest is
modeled as the PNV (compare Fig. 1A–11A). In the Cancelas site, four
main phanerophytes were identified from 27 specimens: L. azorica,
P. lusitanica subsp. azorica, P. azorica andM. faya corresponding to an al-
most certain authocthonous fossil assemblage. In Cascalho de Cima
P. lusitanica subsp. azorica and L. azoricawere the only species identified,
and in Fajã da Praia doNorte beach only L. azoricawas found. Single spec-
imens of J. brevifolia, M. retusa and V. cylindraceum were also found in
Cancelas quarry, probably dragged by the PDC from an upper vegetation
belt (i.e. Juniperus–Ilexmontane forests; Fig. 11A–B), where these plants
are common (Elias et al., 2016), corresponding to a allocthonous fossil
assemblage. Vaccinium cylindraceum could also be associated with the
shrub layer of the laurel forest. Our results agree with the Laurus
submontane forest described in Elias et al. (2016) that occurs in Lower
thermotemperate–Upper humid zones of Faial Island (Fig. 11A). How-
ever, extant Azorean forests, with dominance or co-dominance of
P. lusitanica subsp. azorica, are currently unknown. Vegetation descrip-
tions of the Azores Islands (e.g. Dias et al., 2005; Elias et al., 2016) do
not include P. lusitanica subsp. azorica as a dominant tree in the Azorean
laurel forests. Only in one site in Terceira Island, P. lusitanica subsp.
azorica (=Prunus azorica (hort. ex Mouill.) Rivas Mart., Lousã, Fern.
Prieto, E. Dias, J.C. Costa & C. Aguiar) was identified as the dominant
phanerophyte (see Woodwardio radicantis–Prunetum azoricae; Rivas-
Martínez et al., 2001). Interestingly, the abundance of Prunus in our sam-
ples agrees with the Azorean historical accounts, where this tree is men-
tioned as abundant in all islands (Frutuoso, 1590a; Frutuoso, 1590b;
Frutuoso, 1590c), and especially in São Miguel, furthermore Fernandes
(1508), coeval with the Azores settlement, states the presence of large
L. azorica but also the abundance of “Ginge” (the archaic Portuguese
word for Prunus lusitanica subsp. azorica).

The value of the PNV concept has been debated in recent years, being
criticised (e.g. Carrión and Fernández, 2009; Carrión, 2010; Chiarucci
et al., 2010) and supported (e.g. Farris et al., 2010; Loidi et al., 2010;
Somodi et al., 2012). Recently, Rull et al. (2017a), taking into account
the contribution of Somodi et al. (2012), made a qualitative comparison
of the pollen assemblages preserved in the Azorean palaeoecological re-
cord (Connor et al., 2012; Rull et al., 2017a) to the proposed Azores PNV
(Elias et al., 2016), verifying the similarity between both. Although our re-
sults are comparable to Azorean PNV, we found an unexpected abun-
dance of P. lusitanica subsp. azorica, that differs from the Prunus
abundance reported either in palaeoecological pollen diagrams (Connor
et al., 2012; Rull et al., 2017a), and from the modeled PNV (i.e. Laurus
submontane forests). The near absence of this taxon in the
palaeopalynological record can be explained by the entomophilous polli-
nation, contributing to a low representation in pollen fossil assemblages
(de Nascimento et al., 2015 and references therein). This phenomenon
is also observed with L. azorica pollen. Although L. azorica is one of the
most abundant species found in our samples, L. azorica pollen is rarely
preserved in the palaeoecological record due to entomophily and thin
pollen exine leading to fast degradation (de Nascimento et al., 2015 and
references therein). This means that palaeofloras dominated by ento-
mophilous taxa, such as the Macaronesian laurel forests (Fernández-
Palacios et al., 2019), will end up underrepresented in coeval palynologi-
cal assemblages even if they are themost abundant and dominant species
in a given territory, as already pointed out by Loidi et al. (2010), and em-
pirically by actuopalaeontological studies (de Nascimento et al., 2015).
The absence of P. lusitanica subsp. azorica in the PNV models is due to
this tree being a rare and endangered species (IUCN: Bilz, 2011). If this
taxon is not observed or is underrepresented in neoecological surveys, it
cannot be included in the modelled PNV.

The plant fossils preserved within deposit C11, which is between
1200 yr BP (Madeira et al., 1995) and 1000 yr BP (Pacheco, 2015), are im-
portant testimonies of an insular terrestrial palaeoecosystem spatially
preserved as a T0 assemblage (see Góis-Marques et al., 2019c). Plant fos-
sils found within the C11 deposits were part of a palaeoforest growing
700–500 years before the Portuguese colonization of the Azores Islands.
These fossils are the ideal ground proofs to test the Azorean PNV but also
to reconstruct an ecological baseline (see Nogué et al., 2017), essential
for a future floristic restoration and conservation of Faial Island. More-
over, this is probably applicable to other Azorean Islands, although fur-
ther palaeobotanical and palynological studies are needed (Góis-
Marques et al., 2019c). Palaeovegetation that is spatially preserved but
time restricted (i.e. single volcanic event that led to the burial of insular
forests), coupled with spatially restricted but with long-term informa-
tion, such as the palynological record found in limnic sediments, are es-
sential to the reconstruction of Azorean pre-anthropic vegetation.

6.4. Anthropic influence and extirpation?

Why did Azorean Prunus almost disappear, and other trees such as
L. azorica did not? According to Frutuoso (1590a, 1590b, 1590c),
P. lusitanica subsp. azorica was an abundant tree in all Azorean islands,
growing together with other endemic and native trees. This situation is
very similar to the one found in the charcoalified trees in Cancelas
quarry. However, since the mid-15th century, the Azores natural land-
scapes were massively modified (Dias, 2007) by logging trees for fuel
and construction, and opening the forests for agriculture and pastures
(e.g. Dias, 2007). Habitat reduction is one of the main drivers of the re-
duction of this particular tree (Bilz, 2011). However, and as already
pointed out by Frutuoso (1590a), P. lusitanica subsp. azorica is poisonous
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to cattle by ingestion. The symptoms andecological clues of plant toxicity
are described in detail: “…however, the foliage of ‘ginja’ [P. lusitanica
subsp. azorica], on March onward, growing in highlands and darkening
woodlands makes them (the cattle) to urinate blood.” (Frutuoso,
1590a, pg. 212; translation by the authors). Prunus spp. are poisonous
to ruminants (see Wagstaff, 2008 and references therein), due to the
presence of cyanogenic glycosides. The active control of P. lusitanica
subsp. azorica to avoid animal intoxication and death could most proba-
bly be a cause of its decline, alongwith the use of wood for fuel. The con-
trol of poisonous trees is not unknown in Portugal; for example, Taxus
baccata L. was driven to an acute decline by shepherds (Draper and
Marques, 2006) for this reason. Other hypotheses could be related to
this tree being endozoochoric, having suffered from the negative effects
of human colonization. The decline or even extinction of birds that acted
as vectors cannot be ruled out, as the palaeozoological fossil record has a
record of extinct taxa (e.g. Rando et al., 2013; Alcover et al., 2015; Rando
et al., 2017). The decline of P. lusitanica subsp. azoricawasmost probably
a combination of causes, such as logging and habitat loss, associatedwith
the loss of seed dispersers and an active population control, leading to
the almost eradication of this tree.

Recently, Carine and Menezes de Sequeira (2019) proposed the ex-
istence of a Hookerian shortfall, an addition to several biological knowl-
edge gaps that have been proposed (see Hortal et al., 2015 for further
details). The Hookerian shortfall questions how human impact on pris-
tine oceanic islands shaped the present diversity patterns observed
today. The Faial Island fossil record points to a paleovegetation assem-
blage that differs from the observed and modelled (Elias et al., 2016)
and that is more similar to the historical accounts (Fernandes, 1508;
Frutuoso, 1590a; Frutuoso, 1590b; Frutuoso, 1590c). The study of Faial's
medieval fossil forest will certainly contribute to fill the Azorean
Hookerian shortfall.

7. Conclusions

Faial Island is a unique islandwithin the Azores Archipelago to study
pre-anthropic palaeophytodiversity and palaeovegetation, due to plant
fossil preservation that resulted fromHolocene recurrent explosive vol-
canism (especially the C11 event).

The detailed study of the wood anatomy of 41 samples allowed the
identification of 7 phanerophytes, corresponding to extant taxa. The
spatial distribution of the sites strongly suggests the presence of two
vegetation belts. The identification of a forest preserved in situ, provides
a unique view into a pristine Meghalayan vegetation within the Azores
Islands. Unexpectedly, Prunus lusitanica subsp. azorica was the second
most abundant fossil wood found, indicating that this tree was much
more abundant in the recent past, as corroborated by historical
accounts.

As a concluding remark, the recurrent explosive volcanism in Faial
Island allowed the preservation of ‘recent’ macrofossils. These, in the
context of a recently colonized but highly anthropicallymodified island,
are themissing link to fully appreciate these palaeoecosystems in a pris-
tine state, and ideal to fill the knowledge gap of the Hookerian shortfall
(Carine andMenezes de Sequeira, 2019). Furtherwork is needed in Faial
Island to have a full picture of the palaeophytodiversity and
palaeovegetation buried by the C11 explosive volcanic activity.
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